Rapid economic growth in China has lead to an increasing energy demand in the country. In combination with China's emission control and clean air initiatives, it has resulted in large-scale expansion of the leading renewable energy technologies, wind and solar power. Their intermittent nature and uneven geographic distribution, however, raises the question of how to best exploit them in a future sustainable electricity system, where their combined production may very well exceed that of all other technologies. It is well known that interconnecting distant regions provides more favorable production patterns from wind and solar. On the other hand, long-distance connections challenge traditional local energy autonomy. In this paper, the advantage of interconnecting the contiguous provinces of China is quantified. To this end, two different methodologies are introduced. The first aims at gradually increasing heterogeneity, that is non-local wind and solar power production, to minimize production costs without regard to the match between production and demand. The second method optimizes the trade-off between low cost production and high utility value of the energy. In both cases, the study of a 100% renewable Chinese electricity network is based on 8 years of high-resolution hourly time series of wind and solar power generation and electricity demand for each of the provinces. From the study we conclude that compared to a baseline design of homogeneously distributed renewable capacities, a heterogeneous network not only lowers capital investments but also reduces backup dispatches from thermal units. Installing more capacity in provinces like Inner Mongolia, Jiangsu, Hainan and north-western regions, heterogeneous layouts may lower the levelized cost of electricity (LCOE) by up to 27%, and reduce backup needs by up to 64%.
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Introduction
China is undergoing tremendous challenges of decarbonization and air quality impairment due to rapid industrial growth, transportation expansion and sharply increased demands of electricity [1] . Coal as the main source of power is being changed, and the employment of alternative sources has become an important part of the Chinese energy policy. For many years, the only renewable energy source in China has been hydro, meeting 19% of annual electricity demand in 2014 [2] . But hydro is reaching its full potential due to site limitations. Wind and solar power, however, have become affordable [3] and more suitable for large scale expansion [4] [5] [6] .
Considering the growing penetration of renewables, some scholars have looked into implications of integrating large amounts of wind and solar energy in the Chinese power sector. A combined source-grid-load planning model [7] was introduced to seek a cost-optimal solution at the macro level, taking into account higher renewable penetration up to 2030. They suggested striking a balance between resource-rich and high-load regions by means of a rapid expansion of the inter-regional transmission grid. The same is suggested by [8] . In this context, economic savings and better utilization of wind and solar power may be achieved by shifting renewable capacities towards resource-rich regions that are linked to regions with high demands by high-capacity transmission lines. In the studies, emphasis was given to policy target driven scenarios and system cost reductions were not explicitly discussed.
Both [7] and [8] studied the renewable integration using annual average values. This does not explicitly capture the variable nature of renewables. Ref. [9] is the first study to base the analysis on hourly data. The high temporal resolution allowed insights into backup, storage and flexibility needs. All three studies were concerned with China as a single aggregated entity, rather than a power system with inter-connecting provinces.
This paper is inspired by similar studies for large scale integration of wind and solar power in Europe [10, 11] , US [12, 13] and Australia [14] , where the analysis are implemented on a continental level, yet still with starting points of high spatial and temporal resolution wind-solar generation time series. As an emerging titan, the Chinese power sector is growing more and more renewable, but for lack of high resolution data, studies for this new regime has yet to appear. The present paper focuses on a simplified 100% renewable power system for the 31 contiguous provinces of China. Hourly time series of wind and solar power generation, as well as load covering eight years for each of the 31 provinces are generated and used in the analysis of the interconnected network, the structure of which is illustrated in Figure 1 . The time series are based on high quality weather data and have been validated to the extend that it was possible using state-of-the-art practices [15] [16] [17] . In our opinion, our primary addition to the literature is filling the gap with this unique validated high resolution dataset in the new domain and laying the ground work for other interested researchers.
The first part of the analysis consists of two ambitious baseline scenarios for the far future, in 2050, where the overall cost composition of the Chinese power system with a 100% wind-solar penetration is analyzed without and with an interconnecting transmission grid between the provinces. In the baseline scenarios all provinces have similar energy autonomy in the sense that the wind-solar penetration is fixed to 100% for each individual province.
To analyze the economical advantage of relocating wind and solar generators to more favorable locations, two additional scenarios are analyzed. The first of these is based on a heuristic, analogous to [19] , where sites with better capacity factors, i.e. higher annual wind or solar yield, gradually produce a higher fraction of the total energy. However, this approach ignores the match between demand and generation, and may lead to relative high curtailment and balancing energy needs. This is taken into account in the second approach, where the total cost per MWh energy delivered to cover the demand is minimized by redistributing wind and solar capacity to favorable locations. The second approach is a trade-off between lowering the wind and solar energy production cost and maximizing the useful energy from these variable resources. It is achieved by selecting locations with high energy yields as well as production patterns that Figure 1 : The 31 contiguous provinces of China connected in a future Chinese electricity network, simplified from the TSO's plan [18] . A colored disc in each region indicates the average hourly electricity demand in 2050, which is predicted based on GDP per capita forecasts. Details are presented in the supplementary material.
complement each other to provide a better match to the demand time series. Again, the method allows different degrees of heterogeneity as decision makers may want to factor in energy autonomy as well as cost optimization. The difference between the two approaches highlights the importance of taking into account correlations in highly renewable scenarios. Table 1 summaries the four scenarios considered throughout the paper, highlighting their differences. 
This paper is organized as follows. Section 2 introduces hourly wind, solar and load time series as well as methods of quantifying backup and inter-regional transmission needs. Section 3 presents the homogeneous baseline scenarios. In Section 4 wind and solar generators are relocated to more favorable provinces using the two approaches to lower total system cost including backup units and transmission grid. Sensitivity analysis and the issue of curtailment is discussed in Section 5 before Section 6 concludes the paper.
Data and methods
A simplified model of the Chinese electricity network is used for the study. Here, each province is aggregated into a single node located at its geometric center, and the connecting links represent the combined transmission capacity between neighboring provinces. Figure 1 shows the network topology and the average loads of the individual provinces.
The hourly renewable power generation in node n is composed of wind G W n and solar PV G S n generation:
This renewable generation, shown in Figure 2 , is modeled using hourly weather data covering 2005-2012 with spatial resolution of 40 × 40 km 2 . Details can be found in the supplementary material. The hourly load L n time series modeling is also described there. [20] and hourly weather data in the Renewable Energy Atlas [15] .
The penetration γ n of renewable power generation for each node is defined as the ratio between average renewable generation, ignoring curtailment, and average load L n :
Furthermore, the wind-solar mix 0 ≤ α n ≤ 1 is defined as
For example, α n = 0.6 indicates that 60% of the average renewable generation originates from wind and 40% from solar (1 − α n ).
In general, a nodal mismatch between renewable generation and load will occur for most hours. This is calculated as
The mismatch has to be balanced by power exports and imports P n (t) among the nodes, dispatch of nodal backup generation G B n (t) or curtailment C n (t) of the wind and solar PV generators. This nodal balance can be expressed as
where the quantities on the left hand side are defined exogenously in the model while those on the right hand side are determined by means of maximizing the utilization of renewable energy given the system constraints as described in [21] . The combined backup dispatch and curtailment is called balancing. It is defined as
and can take both positive and negative values. By definition, G B n (t) and C n (t) are both non-negative for each time step. Please note, although backup energy from conventional sources are needed in the network, we still call the system 100% powered by wind and solar energy. This is because the renewable penetration level 100% is defined as the ratio of average renewable generation to the average load. Conventional power is needed at times where wind and solar power can not meet the power demand, due to their intermittent nature.
For simplicity we follow the approach of synchronized balancing [10] , where the global mismatch is distributed to the individual nodes proportional to their average load:
This choice of a balancing scheme fixes the exports and imports at the individual nodes as
The resulting power flows F l on the links l can be expressed using the matrix of power transfer distribution factors H ln (PTDF matrix) [19] :
where we use the index l = l(m, n) for the link between nodes m and n.
Renewable Capacities
The installed capacities for wind K W n and solar K S n are derived from the parameters γ n and α n as follows
where CF W n and CF S n denote the nodal wind and solar capacity factors. These are shown in Figure 3 , listed in Table 2 and discussed further in the supplementary material. 
Heuristic layouts
The heuristic layout assigns resources proportional to the CF, or more general to the CF raised to a power β,
where
γ n is the overall penetration and L CN = ∑ n L n is the overall average load of China, γ CN is constrained to 1. This gives the renewable penetration for a wind-only layout. Analogously, the solar-only layout is,
The so-called β-layout [19] can be constructed as a linear combination of the wind-only and solar-only layouts by setting,
and
Note that β enters the two equations above via the definitions of γ W n and γ S n . β = 0 defines the homogeneous baseline design, while β = 1, 2, 3 allow provinces with higher capacity factors to have bigger penetration levels γ n than provinces with smaller capacity factors.
Optimized layouts
In order to introduce an optimal heterogeneity in a way that includes the trade-off between favorable production patterns, capacity factors and low transmission grid costs, location of wind and solar generators, i.e., α n and γ n , must be optimized with the objective to minimize the total LCOE. To solve this non-linear optimization problem, a numerical algorithm based on a Greedy Axial Search (GAS) [19] was chosen. It can deal with 2N = 62 variables: γ 1 , ..., γ N and α 1 , ..., α N for the N = 31 provinces. The optimization problem is formulated as follows,
In the optimization process, the heterogeneity parameter K acts as a bound, keeping penetration levels away from extreme values. Installing too many renewables in very few provinces could be politically unattractive. For instance, provinces with relatively poor weather resources may wish to maintain some degree of energy autonomy. K = 1 implies γ n = 1.0 for all provinces, K = 2 keeps γ n within the range of 0.5 -2.0.
Infrastructure measures
Measures of the infrastructure are defined as follows. Backup energy E B is defined as the nodal sum of the time averages of the backup generation
and is interpreted as the total generation from conventional resources like hydro, nuclear, gas or coal. For simplicity, it is represented only by the popular Combined Cycle Gas Turbines (CCGT). The nodal backup power capacity K B n is defined as a high quantile
of the backup generation distribution p n (G B n ). As in [24, 25] , the 99% quantile is chosen for q n . Analogously, the transmission capacity K T l of link l is expressed as
where |F l | denotes the absolute value of the flow on link l. Again the 99% quantile is chosen.
The total backup power capacity of the system is represented by
and the total transmission capacity is calculated as
where d l , listed in the supplementary material, is the length of link l.
Objective function
Levelized cost of electricity LCOE is the total cost per consumed energy unit calculated over the full lifetime of the infrastructure assets. It includes capital costs CapEx as well as operational expenses OpEx for the following investments: onshore and offshore wind turbines, solar PV, transmission and backup units. Backup expense is broken down into backup capacity and backup energy, and its cost is represented by that of a Combined Cycle Gas Turbines (CCGT). See Table 3 . For any specific investment, we have
where the time t is in units of year and runs until the lifetime of the asset V, r is the rate of return, assumed to be 4% per year, based on the current feed-in-tariff and its future predictions [26, 27] . The levelized system cost, which is the objective function is defined as the sum over all assets:
The levelized system cost of meeting the demand was calculated such that L t is equal to the electrical demand and the expenses are associated with the combined CapEx and OpEx for the backup generators, wind and solar generators and the transmission network. The values for the first three assets are provided in Table 3 , while transmission costs are calculated as follows: Long-range high voltage AC lines costs 5000 CNY/km/MW, while DC lines have an average of 2000 CNY/km/MW on top of converter costs 1.125 million CNY [28] , and both have a life span of 40 years.
Baseline design: The homogeneous case without / with transmission
The baseline design consists of a system with a homogeneous allocation of the wind and solar generators in the sense that all nodes are assigned a renewable penetration of 100% (γ n = 1 ∀n). This means that each of the provinces have installed wind and solar capacities that on average would be able to meet their load if the generation-load mismatch ∆ n could be ignored. The wind-solar mix is assumed to be identical for all provinces (α n = α ∀n), and the specific value of the mix is initially considered a free parameter. As shown in Figures 4 and 5 , the resulting overall infrastructure measures differ to some extent between provinces (shaded lines). Total backup energy decreases gradually to approximately 0.25 of the average annual load, at around α n = 0.8, before it slightly rises again when approaching the wind only limit.
Looking at provincial results, high solar share scenarios require almost the same level of relative backup energy, but high wind shares give distinctly different levels of backup energy among provinces. This implies that, in China, intermittency in solar power generation is similar among the provinces, and wind power fluctuations are more dramatic in some than other. The variation in backup capacity for different mixing parameters is less pronounced. While higher quantiles naturally give a higher backup capacity, K B from the 99% quantile decreases from 1.3, of average hourly load, to just below 1.0 with an increasing wind share. Overall, in this homogeneous case, the power system favors wind power compared to solar, and the mix that minimizes the backup infrastructure is around α = 0.8. Figure 6a , the minimum is also located at α ≈ 0.8. Capital investments of wind and solar capacities generally contribute the most, and a solar only system has lower renewable generation capital cost compared to the wind only case. This is different from studies for Europe [10] . The difference may be attributed to China's lower latitude, which results in increased solar radiation on average. Costs originating from backup energy follows the trend in Figure 6a , at the mix α CN = 0.8, LCOE reaches a minimum of 601.3 CNY/MWh (80.2 EUR/MWh).
As for levelized costs, shown in
When transmission between the provinces is introduced, the mismatch ∆ n (t) between load and renewable power generation is first balanced by importing or exporting electricity in the power network, and then if more is needed, backup units will be dispatched. In Figure 6b , the LCOE for these simulations is shown as a function of the wind-solar mix. Costs of wind and solar generators is identical to those of Figure 6a , but the backup costs are generally lower since surplus from one province can now replace backup generation in another instead of being curtailed. A cost for the transmission network is naturally added. The total cost is different from Figure 6a . For high solar shares the cost is slightly higher while it is lower for the wind rich mixes, where the optimum cost is located. This difference between the solar and wind rich mixes is explained by the dominating spatial and temporal patterns of the resources. The minimum LCOE for the case with transmission is 574.8 CNY/MWh (76.6 EUR/MWh), which is about 5% lower than that with no transmission. The optimal mix moves further towards a 100% wind scenario, but since the minimum is flat a similar low LCOE can also be obtained for α CN = 0.8. Figure 7 shows the resulting normalized transmission capacities of the lines for the homogeneous network with α n = α = 0.8 ∀n. The transmission capacities are not homogeneous across the network. The strongest links are the ones connecting the central region to provinces where large amount of excess renewable energy is produced, for example, Inner Mongolia, Guangdong and Zhejiang. These provinces can export so much electricity because they have large nodal loads and subsequently, on average, large wind and solar generation.
Optimized design: the heterogeneous network
The heterogeneity in resource quality as well as temporal weather patterns can be exploited to configure a better geographical distribution of the wind and solar power generation capacities [19] . This section aims to lower the levelized cost of electricity in the system further by varying the mixing and penetration parameters α n and γ n for the 31 provinces.
Production cost minimization
Since the majority of the system cost in the baseline design derives from the wind and solar generators, the obvious way of lowering the total cost is by relocating them from low to high CF provinces. This may very well incur greater transmission costs and possibly also change the balancing costs due to different renewable production patterns. In this subsection, a heuristic that gradually increases heterogeneity by relocating wind and solar generators is introduced and the resulting system LCOE is explored.
Using the optimal wind-solar mix α CN = 0.8 from the homogeneous layout, we assign arbitrary values 0, 1, 2, 3 to β in Equations (12) to (15) . β = 0 is the homogeneous baseline design we discussed in Section 3, while β = 1, 2, 3 allow provinces with higher CF bigger penetration levels than 100% and others smaller. We call the these layouts heterogeneous as opposed to the baseline design. In this sense, β is the heterogeneity parameter. The results are shown in Figure 8 . β = 0 is identical to the homogeneous baseline design discussed in Section 3, while β = 1, 2 or 3 allow provinces with high CF to increase their renewable penetration levels beyond 100%, and provinces with relatively low CF to make reductions.
Provinces with a high wind capacity factor CF W like Shanghai, Inner Mongolia, Jiangsu and Hainan are assigned penetration levels well exceeding 100%, while above average solar power penetrations are seen in provinces like Tibet, Qinghai and Xinjiang where solar radiation is stronger than average, as shown in Figure 3 .
This heuristic way of determining γ n and α n produces a higher average capacity factor for China as a whole, and consequently lowers the total capital cost for renewable capacities. However, in addition to capital investments, LCOE also consists of costs from backup energy, backup infrastructure and transmission lines. The component-wise LCOE of the layouts is illustrated in the left part of Figure 9 and summarized in the supplementary material. As β changes from β = 0 to 3, the overall CF rises. Therefore the total capital investments for wind and solar power, shown in blue and yellow respectively, become smaller. At the same time, we also see a more than 50% decrease of backup energy, which can be credited to the smoothing effect caused by smaller correlations among high generation provinces, having a relatively large distance among them [29] . On the other hand, higher transmission costs emerge with larger β values. Indeed, most of the provinces assigned with high penetration levels are not close to high-demand regions, where wind/solar resources happen to be rather poor. This would require large-volume and long-distance transmission lines. In total, the LCOE monotonically decreases with β. As a fairly extreme scenario, β = 3 gives a LCOE of 477.6 CNY/MWh (63.7 EUR/MWh). This is almost a 17% drop from the β = 0 layout.
System cost minimization
Local El autonomy The optimized layouts based on Greedy Axial Search, in Figure 10 , look quite different from the heuristic β-layouts. Most provinces end up with wind or solar power only. This is because in most provinces wind and solar capacity factors are quite different. The provinces of the central Southern region, for example, Chongqing, Henan, Hubei and Hunan, are characterized by very low CF W but fairly good CF S , so the optimizer decides to install only solar panels there. As for wind-abundant provinces, like Hainan, Hebei, Jiangsu, Inner Mongolia and Xinjiang, the optimization successfully identifies them and suggests installing plenty of wind turbines well exceeding their own needs.
Layout with K = 1 fixes all penetrations to γ n = 1, but wind-solar mixing is different among the provinces. In this sense it can be most directly compared to the β-layout with β = 0. Relaxing α n in this way alone can drop the LCOE from 574.8 to 547.9 CNY/MWh (76.6 to 73.1 EUR/MWh) by 4.7%. An obvious difference is in the overall share of solar power: the optimization also identifies the CF differences between solar and wind in the central region and decides to invest in solar power. Seen in Figure 9a , this relaxation does not have a large impact on backup or transmission costs.
The optimized layouts with K = 2, 3 or 4 manage to reduce the infrastructure costs further, seen in the right part of Figure 9 . The costs for total backup energy E B drops by up to 64%, while backup capacity K B only decreases by a quarter. In contrast, transmission almost doubles from K = 1 to K = 4. This is attributed to the imports of the resource-poor provinces in the central region.
Transmission topology
Taking a closer look at transmission usage in the optimized electricity network, Figure 11 visualizes the geographical distribution of transmission capacity K T l on the links, mixing parameters α n , as well as renewable penetration γ n . It is evident that a larger K increases the spatial heterogeneity in transmission capacity layouts. K = 1 gives a fairly homogeneous transmission system, especially in the central Eastern regions, with the exception of the line connecting the high-load province Guangdong with the central provinces. This is because its southern neighbors do not have high power demands, and this is the main path to export its excess electricity.
As K grows larger, transmission demand starts to shift towards the lines connecting the northwestern provinces and the central region. This can be attributed to the high renewable penetration levels in these provinces, although all of them have fairly low average load except Inner Mongolia.
It seems after increasing heterogeneity, Inner Mongolia becomes the dominating source of renewable power in China. With high penetration levels and its second largest average load, it virtually becomes the powerhouse of the country. Actually in recent years, Inner Mongolia has had the largest wind power capacity. By the end of 2015, for example, 17.6% of China's wind capacity had been installed in Inner Mongolia [20] .
As to the East coast, Jiangsu and Shanghai are assigned fairly high penetration levels because of their potentially high offshore or near-shore wind capacities. Benefiting from this, their neighboring provinces, Zhejiang, Anhui and Shandong, do not need much renewable capacities despite high annual loads. In turn, they can rely on imports, which can be corroborated by the heavy transmission usage among them. 
Sensitivity analysis
While onshore wind power cost has remained relatively stable in recent years, PV module predominated solar power cost has dropped by 75% from 2008 [30] . This can largely be attributed to China's massive growth in solar panel production and installation. Along with both state and provincial level subsidies for initial investments, centralized and distributed PV, installed solar capacities have shown significant increases in the past three years [2] . Considering the colossal market and sustained policy incentives, cost of solar PV may see an further reduction until 2050 [30] . Here, to analyze the sensitivity to future price drops, we calculated the optimized layouts for solar cost reductions of 10%, 25% and 50%. For the K = 3 layout, absolute renewable capacity under the four price drop scenarios is shown in Figure 12 . The trend of wind-dominated generation is not changed despite up to halved solar cost, especially in provinces with high assigned penetrations. However, in Anhui, Sichuan, Guangdong, Shandong and Shaanxi, the shift to a gradually increasing solar capacity is clear. Their relative low wind capacity factors gave cheap local PV the advantage, even with increased backup and transmission cost. Inter-year weather pattern variability can also have an impact on the renewable capacity distribution in the optimized layouts, and its sensitivity is indicated as error bars in Figures 10 and 12 .
Discussion
Both the heuristic and optimized layouts show that shifting more renewable capacity to the Northwest would result in a sizable reduction in total system cost, provided a well-connected transmission grid is also installed. This is in good agreement with the government's current renewable policy and long term energy strategy [31] . A national shift to wind and solar power is an opportunity, in our opinion, for the provinces with high renewable potential to attract external investments and high-tech human resources. A well-developed top-down, production-installation-maintenance renewable industrial chain would play a major role in the region's economic prosperity.
Today, curtailment is what's burdening the region's renewable development. With the vast majority of the country's wind turbines and solar PV located in Inner Mongolia, Gansu and Xinjiang, renewable development has been burdened by up to 30% curtailment rate, even with a mere 5% overall penetration [33] . This has mainly been attributed to regional market barriers and poor transmission planning [34] . In Inner Mongolia, for example, wind power can meet almost 100% of the local electricity demand during the day, but the local CHPs are given priority to run at night instead of wind farms to provide district heating to residents, in spite of the usually stable and excellent wind resources over the plateau. Realizing this, the National Development and Reform Commission and the National Energy Administration have taken major actions such as ceasing approval of new wind farm or centralized PV stations in Northwestern provinces until curtailment decrease, breaking up the five regional TSOs for a better control of transmission planning and construction, subsidizing distributed solar PV and so on.
In the far future renewable power system, described here, curtailment or alternative use of the surplus energy is unavoidable. With an overall penetration of 100%, since the average renewable generation equals the average load, the total curtailed energy is equal to the total backup energy. Consulting Figure 9 , overall curtailment goes down with higher heterogeneity parameters β, K, following the same trend as LCOE. For better resource utilization, though, curtailed electricity can otherwise be stored or sold to transportation and heating sectors. In this regard, Li et al. [35] found that controlled charging of electric vehicles has significant advantages in mitigating grid mismatch and facilitating renewable generation in China. Zhang et al. [36] identified electric boilers as a cost-effective medium to transform excess renewable power to heat in a unit commitment dispatch model. Their suitability for large-scale expansion also makes these possibilities very promising.
Conclusion and outlook
In this paper, a future Chinese electricity system with an average wind and solar power generation equal to the national load, i.e., 100% renewable penetration, is analyzed in terms of the provincial wind-solar production mix and penetration, the required inter-provincial transmission network, dispatchable backup energy and capacity requirements and total system cost. A high spatio-temporal resolution dataset for wind and solar generation as well as hourly provincial demand is developed to enable the study.
By locating all wind and solar capacities directly proportional to the annual demand in the individual provinces and disallowing transmission between provinces, we find a mix of 80% wind and 20% solar to be optimal in terms of backup energy and levelized cost. On the other hand, a power network interconnecting provincial nodes, reduces total backup needs and lowers the system LCOE by 5% despite additional transmission investments for this so-called homogeneous baseline.
The majority of the system cost comes from wind turbines and solar PVs, while their capacity installation depends on local capacity factors. Allowing the system to build more renewables in resource-rich regions means that fewer wind turbines and solar panels are needed in order to produce the same amount of energy. This leads to heterogeneous layouts where provincial penetration γ n varies. The two methods, i.e. production cost minimization and system cost minimization, distribute wind and solar capacities heterogeneously over the whole country, and they manage to lower not only total capacity cost but also backup generation in the power network. By raising heterogeneity to K = 4, system LCOE is reduced by 27%, compared to the baseline scenario, i.e., down to 437.7 CNY/MWh (58.4 EUR/MWh).
A heterogeneous system also changes the topology of the transmission network. Higher capacities are needed in links connecting provinces like Inner Mongolia, Xinjiang in the Northwest and the central region. The former, resource-rich region supplies its excess clean energy to the central high-load provinces. This peculiar demand/resource distribution could be an interesting topic to explore further, given the economic disparity between them.
Currently the renewable sector in China is burdened by high curtailment, despite a relativly low penetration of about 5%. In a 100% renewable system surplus electricity is unavoidable, which means that the energy can be either curtailed or used in alternative ways. To fully exploit the renewable potential, the energy could be used by coupling the power sector to, e.g., district heating or transportation considering the growing popularity of electric vehicles.
Furthermore, integrating hydroelectricity into the wind-solar only system may further reduce conventional backup as well as transmission volume, since hydro dams are clustered in the southeastern provinces close to high demand regions.
